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SUMMARY

As part of an investigation of the performance and operationa
characteristics of the axial -fl ow gas turbine-propeller engi ne, con-
ducted in the develand altitude wind tunnel, the pertrormance char-
acteristice of the compressor and the turbine were obtained. The
data presented were obtained at a conpressor-inlet rampressure
ratio of 1.00 for altitudes from 5000 to 35,000 feet, engine speeds
from 8000 to 13,000 rpm, and turbine-inlet tenperatures from 1400°
to 2100° R

The hi ghest conpreaeor pressure ratio obtained was 6.15 at a
corrected air flow of 23.7 pounds per second and a corrected
turbine-inlet tenperature of 2475°¢ R Peak adi abati c compressor
efficiencies of about 77percent were obtained near the value of
corrected air flow corresponding to a corrected engine speed of
13,000 rxm. This maxi mum efficiency nay be sonewhat |ow, however,
because of dirt accumulations on the compressor bl ades.

A maxi num adi abatic turbine efficiency of 81.5 percent was
obtained at rated engine speed for all altitudes and turbine-
i nl et temperatures investigated.
INTRODUCTION

~ An investigation of the performance and operational charac-
teristics of an axial-flow gas turbine-propeller engine has been

S
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conducted in the Cleveland altitude wind tunnel. Engine per-
f ormance characteristics, windmilling characteristics, and
pressure and tenperature distributions throughout the engine
are presented in references 1, 2, and 3, respectively.

The performance of the conpressor and the turbine are of
particul ar significance because verylittle altitude data have
been obtained on these conponent paxrts in a gas turbine-propeller
engine. Data were obtained at a conpressor-inlet rampressure
ratio of 1.00 at altitudes fromsooo to 35, 000 feet, engine speeds
from 8000 to 13,000 r-pm and turbine-inlet tenperatures from
1400° t0 2100° R The compressor performance 1s presented as a
function of corrected engine air flow and corrected turbine-inlet
temperavure. Ihe turbine perfornmance is presented as a function
of corrected turbine speed and corrected turbine-inlet tenperature.

DESCRIPTION OF COMPRESSOR AND TURBINE

A general description of the T31 gas turbine-propeller
engine and the installation is givenin reference 1. A detailed
descriFtion of the conpressor and turbine assemblies i S given in
the follow ng sections

Conpr essor

The T31 engine is equipped with a 14-stege axial -flow
compressor, Whi ch hae a sea-level air-flow rating of about
21 pounds per second at an engine speed of 13,000 rpm. The com-
preasor rotor, shown in figure 1, consists of 14 wheels shrunk on
a holl ow shaft. The conpressor blades are dovetailed into the

rotor wheels. The blade-tip diameter of the rotor is 165% inches

and the over-all length is 25 inches. The hub-to-tip dianeter
ratio at the first rotor stage is 0.73 and increases to 0.88 at
the fourteenth rotor stage. A balance pressure is applied to the
forward end of the rotor by air bled from the fifth stage of the
conpressor. This air |eaks out through two |abyrinth seals into
the conpressor air passage aft of the inlet guide vanes. Another
| abyrinth seal is located at the aft end of the rotor. Air

| eaking through this seal is used to cool the forward face of the
wurbine wheel .
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The stator stages consi st of half rings into whi ch t he stator
blades are dovetailed (fig. 2). These half rings, assembled around
the rotor with spacers and cl anpi ng bolts, conpose t he conpressor
stator assenbly.

Alr enters the compressor through an annular inlet, whichis
divided into six equal segments by radial support struts. The flow
area of the conpressor inlet (station 2, fig. 3) is epproximately
95 square inches. A single row of guide vanes turns the air in
the direction of rotation of the rotor. Air is discharged fromthe
conpressor through two rows Of straightening vanes into an annul ar
passage.

Tur bi ne Assenbly

The T31 engine nas a Singl e-stage turbine that delivers
about 5000 horsepower at standard sea-level conditions and an
engi ne speed of 13,000 rpm. The turbine (fig. 4) bas 8 solid
steel disk that tapers in thickness from3.70 inches at the hub
to 0.57 inch at the thinnest section near the rim The turbine
bl ades, which are wel ded to the wheel rim arel.6 inches in
length. The blade chord tapers from 1.0 inch at the root to
0.75 inch at the tip. The bl ade forgings are SO designed that the
rectangul ar tips in the assenbl ed wheel formthe turbine shroud
ring. The over-all diameter of the wheel including the shroud
ring is 28 inches. The turbine clearances are shown in the detali
of figure 3

The turbine nozzle (fig. 5),which consists of 36 equally
spaced hol | ow steel vanes, has an actual fl ow area of about
25 square inches and an expansion ratio of 1.065. The vanes are
wel ded to inner and outer shroud rings. A portion of the air
that enters the conbustion chanbers first flows through the
hol | ow vanes t 0 provi de cooling.

Gases discharged fromthe turbine enter an annular exhaust
cone having an area of about 154 square inches at the location
of the turbine-outlet instrumentation (station 6, fig. 3). The
inner cone is supported by four struts and by a series of snal
angl e braces extending along the entire length of the inner cone.
In the wi nd-tunnel investigation, 8 straight tail pipe 14 inches
1n diemeter and 96 i nches | ong was used.
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INSTRUMENTATION

A complete .description of the instrumentation t hr oughout the
installation 4s given in reference 1. A review of the instrunmenta-
tion required to determne the conpressor and turbine character-
istics IS presented herein

The annul ar conpressor inlet was divided into six equal seg-
ments by the radial support struts, which formpart of the engine
structure. Installed in each alternate segnment were five total-
pressure tubes, two iron-constantan thernmocouples, two statlc-
pressure probes, and a static-pressure wall orifice on the-inner
and outer walls of the annulus. The remaining t hree segnents had
only static-pressure wall orifices installed on the outer walls.
(gee fig. 6.) Installed at the conpressor outlet were nine total-
pressuret ubes, Six iron-constantan thernocouples, tw static-
pressure probes, and five static-pressure wall orifices (fig. 7).

The turbine inlet was Instrumented with five total-pressure
tubes and five static-pressure wall orifices. Three of the total-
Eressure tubes were | ocated 120° apart. One of the areas included

y & single burner tranS|t|on section had two additional total-
pressure tubes Installed 10° on each side of the center tube
(fig. 8). The turbine outlet, or exhaust-cone inlet, was instru-
mented with three rakes, 120° apart, each containing three total -
pressure tubes. Astatic-pressure wall orifice was Installed on
the outer wall in the plane of each rake. Three wafer static
tubes were installed at vari ous immersionsand were rotated 20°
fromeach of the total -pressure rakes. A chromel-alumel ther no-
coupl e was Installed approximately in line with the. center of each
of the nine combustion chanbers to indicate conbusti on-chanber
Ignition and unbal ance (fig. 9)

Exhsust-gas temperatures Wwer e measured with Si X chromel-zlumel
thermocoupl es at the tail-pipe-nozzle outlet (fig. 10)

FPROCEDURE

Rata were obtained at a conpressor-inlet rampressure ratio
of 1.00, pressure altitudes from5000 to 35,000 feet, and engine
speeds from 8000 to 13,000 rgm.- Anbient tenperatures were nain-
tained at approxi mately NACA standard altitude conditions. The

engine power was varied to give turbine-inlet tenperatures ranging
from1400° t o 2100° R

&8
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pressures were neasured throughout the engine on water, alka-
zine, and mercury manometersand were phot ographical |y recorded.
Tenperatures were neasured and recorded by self-balancing;, potenti-
oneters. Engine and tunnel operating conditions were indicated by
gages on the engine control panel and were photographically
recorded.

SYMBOLS

The following synbols are used in this report:

A area, square feet

a speed of sound in air, feet per second,

D conpressor tip diameter, feet

g acceleration due to gravity, feet per second per second
ghp hor sepower | 0ss in high-speed reduction gear

H ent hal py, Btu per pound

AH 4 adi abatic enthal py change, Btu per pound
J mechanical equivalent of heat, foot-pounds per Btu

K, Kl constants

Mg cotupressor Mach number

N engine speed, rmm

n number of compressor stages

P total pressure, pounds per square foot absolute
;s static pressure, pounds per square foot absolute
R gas constant, foot-pounds per pound ©F

shp shaft horsepower measured at torqueneter

T total tenperature, °R

Ty indicated tenperature, °R
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conpressor tip speed, feet per second

Wy air flow, pounds per second

Wy fuel flow, pounds per hour

Wy gas flow, pounds per second

a t hernocoupl e inpact-recovery factor, 0.85

Y rati o of specific heats

6 ratio of conpressor-inlet absolute total pressure to static
pressure of NACA standard atnosphere at sea leve

&g ratio of turbine-inlet absolute total pressure to static
pressure of NACA standard atnosphere at sea |eve

e ratio of conpressor-inlet absolute total tenperature to
static tenperature of NACA standard atnmosphere at sea
| evel

65 corrected ratio of turbine-inlet absolute total tenperature
to static tenperature of NACA standard at mosphere at sea
level, (7g T5)/(1.40 X 519)

¥ average CONpressor pressure coefficient per stage

Mo adiabatic conpressor efficiency, percent

y adi abati c turbi ne efficiency, percent

Subscri pts:

2 conpressor inlet

3 campressor out| et

5 turbine inlet

turbine outlet
8 tail-pipe-nozzle outlet
c conpr essor

turbine

658



NACA RM No. E8F10c T

METHOD OF CALCULATION

The total tenperatures at the conpressor inlet, the conpressor

ourlet,and the tafl-pi pe-nozzle outlet were cal cul ated from the
relation

=1
7
o (5)

SRICHE

As in reference 1, the total enthalpy at the turbine inlet was
assuned to be equal to the sum of the enthalpy at the tail-pipe-
nozzle outlet and the drop in enthal py across the turbine. The
ent hal py drop across the turbine is equivalent to the sumof the
enthal py rise across the conpressor, the shaft horse-r measured

at the torquemeter, and the vower | 0ss in the high-speed reduction
&ear.

Hs = Hy + (M3 - Hp) + 250(shp + ghp)

Wgd

The turbine-inlet total tenperature was then obtained from
t hernodynam ¢ charts relating enthal py and fuel-air ratio to
t enperat ure.

Alr flow through the conpressorwas calculated from measure-
ments at the compressor inlet by use of the equation

inll I el |

/ 27, & B\ 72 PZ) 72
V\a;z =Pz 4 (79 = 11 RT» .ﬁ_z Bz -1

Tur bi ne gas flow was assuned equal to the sum of the compressor-~
inlet air flow and the engine fuel flow

Wp

g = Vo * 3500

g
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The adi abatic conpressor efficiency was obtained from

7"l A

wher e 7, was assumed equal to 1.40.

Campressor Mach nunber, based on the total temperature of the
air at the compressor inlet, was conputed from

M =S n DN

c 8z 60 1/723 RT2>

The average compressor pressure coefficient per stage, which
Is defined as the ratio of the adiabatic work per stage to the work
that would be required to accelerate the-air to a velocity equal to
the tip speed of the compressor, was obtained from

Yot
ABgg 2 P2
cg
Adi abatic turbine efficiency was cal cul ated from
Te - T
Ny = S 6 X 100
7t'1

P
Ts |1 - <_6-) 7%
Ps
where y4 was assuned equal to the average ratio of specific heats
entering end leaving the turbine. Because the temperature dr op
through the tail pipe was small and the tenperature neasurenents

were nore reliable at the tail-pipe-nozzle outlet than at the tur-

bine outlet, Tg was replaced by Tg in the turbine-efficiency
equati on.
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RESULTS AND DISCUSSION

Conpressor and tur bi ne performance characteristics for the
range of conditions at which the axial-flow gas turbine-propeller
engine was operated are discussed. Inasmuch as engine perform
ance was obtained for a relativelysnmall| range of compressor-
inlet rampressure ratios, no effort has been made to deternine
the effect of this paraneter on the performance of the conpressor
and the turbine

Conpr essor

The relation between corrected air flow, conpressor Mach
number, and corrected engine speed is shown in figure 11 for alti-
tudes from 5000 to 35,000 feet. The air flows obtained at dif-
ferent altitudes generalized reasonably well and appear to be a
function only of conpressor Mach number for the range of operating
conditionsinvesti gated.

During the operation of a conpressor in a gas turbine-
propel | er engine, the conpressor pressure ratio varies with the
power delivered to the Fropeller. In order to increase the power
delivered to the propeller at a particular engine speed, an
i ncrease in turbine-inlet tenperature is necessary, which in turn
increases the turbine-inlet pressure. This rise in turbine-inlet
pressure results in an increase in conpressor-outlet pressure and,
consequent|y, conpressor pressure ratio.

It can be analytically shown thet, .for conditions at which
the turbine nozzles are choked and the corrected air flowis con-
stant, the conpressor pressure ratio i S proportional to the square
root of the corrected turbine-inlet temperature. \Wen the pres-
sure rati o across the turbine nozzl e exceeds the eritical val ue
(about 1.89), the mass flow through the turbine nozzles can be
expressed as

W KA5P5:{75
S=
q/Ts-
If the air flow through the engine is assumed equal to the gas flow

and the correctfon factors & and e are applied to this eguation,
the corrected air flow becones



10 NACA RM No. E&F10c

Wa’\/-e—_K Ag Ps'\ﬁg
® ' P2 4/T5/T2

As a first-order approximation, theconpressor-outlet total pres-
sure Pz may be assumed equal to the turbine-inlet total pres-
sure Pg. The variation in +f75 was al so assuned to be negligible.

Consequently, at a constant corrected air'flow,

s Ts

m —
P T2
T2
and because & = BTG
P T
2 oalS
Py 2]

The conpressor pressure ratio is plotted in figure 12 agai nst
the square root of the corrected turbine-inlet tenperature for
constant corrected air flows from8.8 to 23.7 pounds per second,

whi ch were obtained at altitudes from 5000 to 35,000 feet. The
campressor pressure ratio is shown to increase linearly with the
square root of the corrected turbine-inlet temperature at a con-
stant corrected air flow. For the range of conditions investi~
gated, a maximum compressor pPressure ratio of 6.15 was obtai ned
with a corrected air flow of 23.7 pounds per second at a corrected
turbine-inlet tenperature of 2475° R

The compressor efficiency was determ ned by plotting t he

actual tenperature-rise factor (Tz/T5)-1 against the adiabatic
7c'l

tenmperature-rise factor (Pz/Pz) 7c -1, as shown in figure 13.
A single curve was faired through all the data points, inasnuch
as the data scatter did not allow separation of the effecta of
turbine-inlet tenperature and altitude on conpressor efficiency
at a particular value of conpressor pressure ratio. A crosspl ot
of the data fromfigures 12 and 13 in figure 14 shows the varia-
tion of compressor efficiency W th corrected air flow for constant
val ues of corrected turbine-inlet tenperatures from1600° to
2400° R For the range of air flows Investigated, the conpressor
efficiency was not greatly affected by changes In turbine-inlet
tenperature. A maxi numconpressor efficiency of about 77percent

-
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occurred at a corrected air flow of approximately 20 pounds per
second for corrected turbine-inlet t enperatures from 1800° t 0
2200° R This peak efficiency may be sonewhat |ow because of dirt
and oil deposits on the stator and rotor bl ades.

The compressor-performence-characteristic curves for the range
of engi ne operating conditions i nvestigated were obtai ned by cross-
plotting the data fromfigures 11, 12, and 14 in figure 15. The-
compressor pressure ratio increased W th an increase in corrected
airflowat constant values of correctedturbine-inlet-tenperature.
The maximum conpressor efficiencies occurred near the val ue of
corrected air flow corresponding to acorrected engine speed of
13, 000 rpm.

The variation of compressor pressure coefficient with corrected
turbine-inlet temperature is shown in figure 16 f or constant val ues
of corrected air flow. The conpressor pressure coefficient Increased
with the corrected turbine-inlet temperature. A eroassplot (fig. 17)
of the data from tigure 16 shows the variation of compressor pressure
coefficient with corrected air flow for constant values of corrected
turbine-inlet tenperature. A meximum pressure coefficient of 0.322
was obtained at a corrected air flow of about 34 pounds per second
and a corrected turbine-inlet temperature Of 2000° R. The maximum
pressure coefficient does not occur at rated engine operating
conditions.

Turbine

Turbine pressure ratio and corrected turbine speed are plotted
as functions of corrected turbine-inlet temperature in figure 18 for
constant values of corrected engine speed ataltitudes f£from 5000 to
35,000f eet. The highest turbine pressure ratio at which data were
obtai ned was 4.65 at a corrected turbine speed of 6700 rxm and a
corrected turbine-inlet tenperature of 2475 R A cross plot of
these data (fig. 19) shows the variation of turbine pressure ratio
with corrected turbine speed for corrected turbine-inlet tenpera-
tures from1600°® to 2400° R The turbine pressure ratio increased
with an increase in corrected turbine speed and corrected turbine-
inlet tenperature. Ata corrected turbine speed of 6800 rpm, an
increasein corrected turbine-inlet tenperature from1s00° to
2400°R rai sed the turbine pressure ratio from3.05 to 4.50

The turbine efficiencies were obtained by a method similar to
that used in determning the conpressor efficiencies. The actua
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tenperature-drop factor 1 - (Tg/Ts) is plotted against the adia-
7¢~1

7 , )
batic tenperature-drop factor 1 - (Pg/Ps) i figure 20 for

altitudes from 5000 to 35,000 feet. Limes of constant turbine
efficiency superinposed on the data show that practically all the
turbine efficiencies were between 76 and62 percent. It is also
shown that the turbine efficiencies were not noticeably affected by
changes in altitude

In order to show turbine efficiency as a function of corrected
turbine speed and to determine the effect of turbine-inlet tenpera-
ture on turbine efficiency, the actual and adi abatic temperature-
drop factors first had to be plotted against the corrected turbine-
inlet tenperature for constant val ues of corrected engine speed, as
shown in figure 21. A crossplot of the data fromfigures 18 and 21
in figure 22 shows the turbine efficiency as a function of cor-
rected turbine speed. Although the data from figures 18 and 21
varied by about 1.5 percent fromthe curve shown in figure 22, no
consistent variation of turbine efficiency with turbine-inlet tem
perature was apparent for the range of conditions investigated
The faired curve in figure 22 indicates a maximum turbi ne effi-
ciency of 81.5 percent at corrected turbine speeds fram 6200 to
7400 rpm. This range of corrected turbine speeds includes engine
operation at rated speed for all altitudes and turbine-inlet tem-
pereturesi nvesti gat ed.

The wvariation of turbine pressure ratio with corrected gas
flowis shown in figure 23 for altitudes from 5000 to 35,000 feet.
For practically all the conditions investigated, the corrected gas
flow was constant, which indicates that the turbine nozzles were
choked. A corrected gas flow of about 9 pounds per second was
obtained for turbine pressure ratios from approximtely 2.0 to 4.65

SUMMARY OF RESULTS

Conpressor and turbine performance characteristics were
obtai ned as part of an investigation of an axial-flow gas turbins-
propel ler engine in the Cleveland altitude wind tunnel. Data were
obtained at altitudes from5000 to 35,000 feet, engi ne speeds from
8000 to 13,000 rpm turbine-inlet tenperatures from 1400° to
2100° R, and a conpressor-inlet rampressure ratio of 1.00. The
following results were obtained

&8
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1. For the range of operating conditions investigated, a nax-
I mum conpressor pressure ratio of 6.15 was obtained at a corrected
air flow of 23.7 pounds per second and a corrected turbine-inlet
tenperature of 2475° R

2. Peak adiabatic conpressor efficiencies of about 77 percent
were obtained near the value of corrected air flow corresponding
to a corrected engine speed of 13,000 rpm This val ue of maxinum
efficiency map be somewhat |ow, however, because of dirt accumul a-
tion on the conpressor bl ades.

3. A maxi num conpr essor pressure coefficient of 0.322 was
obtained at a corrected air flow of about 14 pounds per second and
a corrected turbine-inlet tenperature of 2000° R The peak com
pressor pressure coefficient did not occur at rated engine operating
condi tions.

4. A maxi num adi abatic turbine efficiency of 81.5 percent was
obtained at rated engine speed forall altitudes and turbine-inl et
tenperatures investigated.

Flight Propulsion Research Laboratory, .
Nati onal Advisory Committee for Aeronautics,
C eveland, OChio.
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Figure |. — Compressor rotor of axial-flow gas turbine-propeller engine.
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Figure 2, — Si xth-stage stator ring from compressor of axial-flow gas
turbine—propel | er engine.
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Figure 6. — Location of instrumentation at compressor inlet, looking
aft, station 2.
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Figure 7. - Location of Instrumentation at compressor outlet, looking
aft, station 3.
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